Abstract Nerve elongation resulting from leg-lengthening surgery can be injurious. We investigated peripheral nerve injury and recovery after gradual elongation of the rat sciatic nerve by progressive stretching. Indirect nerve elongation was produced by leg lengthening by 15 mm, at a rate of 3 mm/day (group I) or 5 mm/day (group II). The elongated length was then maintained. At 0 weeks, representing the 7th day after starting leg lengthening, and at weeks 2, 4, and 6, transverse semithin sections of sciatic nerve were examined. At the same time a teased fiber study was performed. As a result of nerve elongation axon diameter was decreased, although it later recovered. Axon diameter recovered more slowly in group II than I. Myelin thickness did not change compared with controls. In the teased fiber study, internodal length was increased by about 10% after nerve elongation in each group. Almost all nerve fibers showed demyelination at 0 weeks; myelination recovered with time, more slowly in group II than I. More obvious demyelination, axonal degeneration, and remyelination were observed in group II. We conclude that mild demyelination was repaired by elongation of internodes, while more severe demyelination was repaired by intercalation of segments.
Introduction
The first clinical use of leg lengthening in human was reported by Codivilla in 1905 [6] . A prototype procedure for gradual leg lengthening devised by Anderson [2] was improved by De Bastiani et al. [7] and Ilizarov [15, 16] . As a result, such lengthening has become a popular method for treating dwarfism or leg length discrepancy. Peripheral nerve injury caused by nerve elongation on stretching in the course of this procedure also became more frequent [9, 11] . Various experiments using incremental nerve elongation by leg lengthening have aimed to close nerve gaps in peripheral nerve injuries [1, 22, 24, 35] .
Compared with research on acute peripheral nerve stretch [13, 18, 20, 23, 34, 38] , investigations of gradual nerve elongation are limited [1, 24, 35] , and the pathophysiology of elongated nerves is not clear. Moreover, details of changes after nerve elongation are not as clear as for events following nerve graft interposition. We therefore investigated changes in rat sciatic nerve following gradual nerve elongation using leg lengthening.
Materials and methods
Forty-three adult male Wistar rats weighing 350-480 g housed as small groups in cages with solid floors and soft bedding were used. Food and water was available ad libitum. The rats were maintained as specified by the ethics committee of Tsukuba University.
Nerve elongation
Under deep anesthesia by intraperitoneal injection of sodium pentobarbital (40 mg/kg), the right femur was exposed. Four stainless steel half-pins (1.5 mm in diameter) were inserted perpendicular to the femur, and an external fixator was attached to them. The femur was osteotomized in the mid portion of the thigh, and the wound was closed. Beginning at the day of operation, the sciatic nerve was lengthened indirectly by lengthening the femur using the external fixator, at a rate of 3 mm/day (n=23, group I) or 5 mm/day (n=20, group II). The contralateral site served as a control (n=5), and was not lengthened. For each femur length adjustment, sodium pentobarbital (20 mg/kg) was injected intraperitoneally. In all rats, femoral lengthening was 15 mm in total; the elongated length was then maintained.
Tissue processing
The 7th day after operation was designated as week 0. At weeks 0, 2, 4, and 6, groups of animals were given an overdose of sodium pentobarbital and perfused with 2% glutaraldehyde in sodium phosphate buffer (pH 7.2) via the left ventricle. Limb length was maintained without removing the external fixator. Specimens taken from the sciatic nerve at the mid portion of the femur were immersed in 2% glutaraldehyde overnight, post-fixed in 1% osmium tetroxide for 2 h, dehydrated in a graded ethyl alcohol series, and embedded in Epon. Transverse semithin 1-µm sections were stained with toluidine blue for light microscopic evaluation.
At the same time, a specimen taken just distal to the first one was immersed in 2% glutaraldehyde overnight, post-fixed in 1% osmium tetroxide for 1 h, dehydrated in a graded ethyl alcohol series, and teased using a fine needle for teased fiber examination (100 fibers/specimen).
Calculation of nerve lengthening rate Two 10-0 nylon sutures were placed upon the epineurium, one near the sciatic notch and the other in the popliteal region (three rats per group). The distance between the two epineurial sutures was measured, and the percentage of nerve lengthening was calculated from the distances before (b) and after (a) nerve lengthening using the formula: (a-b)×100/b.
Histological examination and quantitative nerve fiber assessment A Vanox-T microscope (Olympus, Tokyo, Japan) equipped with a CCD video camera system (DP50, Olympus), a Macintosh computer with the Photoshop program (Adobe, San Jose, Calif.), and the public domain NIH Image program (developed at the US National Institutes of Health, Bethesda, Md.) were used to quantitatively evaluate histological features including nerve fiber measurement.
General morphology was studied in cross sections and the axonal area of each nerve fiber was measured. A histogram of axonal diameters was constructed; diameters were calculated from axonal areas, assuming an axon in cross section to be a perfect circle. At the same time, thickness of myelin around the same axons was measured. For each quantitative evaluation, a central area of the nerve cross section (more than 0.04 mm 2 ) was used.
Teased fiber study
Internodal length, defined as the length between two nodes of Ranvier, at four time points was measured, and the mean for each group was calculated. At the same time, the 20 longest internodes were measured [12] . Means for the control group (c) and the elongated group (e) were calculated, and the percentage of elongation was determined as: (e-c)×100/c.
Each nerve fiber was characterized according to Dyck's classification [8] . Nodal length, defined as the length of bare axon at each node of Ranvier, was measured (14,000 nodes in total), and a histogram was constructed. Fibers showing axonal degeneration were not included in this evaluation.
Data analysis
All data are presented as the mean ± SD. Differences between the groups defined by rate of nerve elongation were evaluated with Student's t-test for unpaired data. A P value of less than 0.05 was considered to indicate statistical significance.
Results

Calculated nerve lengthening rate
After lengthening the femur by 15 mm, the epineurium of the sciatic nerve was lengthened by 25.4±6.86% in group I and 31.6±0.72% in group II (no significant difference between groups).
Microscopic observation of transverse sections
Histology
At week 0 for group I, axon diameter was decreased compared with the control side (Fig. 1A, B) . However, axon diameter recovered with time, and had become almost as large as that on the control side at 6 weeks (Fig. 1C) .
At week 0 in group II, narrowing of the axon was observed, as in group I (Fig. 1D) . However, at 6 weeks, axonal diameter in almost all nerve fibers had recovered, and was the same as that on the control side, although some axonal degeneration and myelin debris related to axonal degeneration were observed in some animals (Fig. 1E) .
Histograms of axonal diameter
Axonal diameters in the control group showed two peaks, one at 0.5 µm and another at 3.5 µm. On the other hand, at week 0 in group I, the proportion of narrow fibers was increased, and the peak representing large fibers had disappeared ( Fig. 2A) . With time axonal diameter recovered, being nearly the same as in controls by 4 weeks.
In group II at week 0, the proportion of narrow fibers was increased, and the peak corresponding to large fibers had disappeared (Fig. 2B) . Although axons tended to enlarge with time, enlargement required more time than in group I. At 6 weeks the histogram had become almost the same as for controls.
Distribution of myelin thickness
Mean myelin thickness at week 0 was 1.36±0.137 µm in controls, 1.39±0.115 µm in group I, and 1.30±0.118 µm in group II. No statistical difference was seen between the three groups. In histograms, each group showed a peak representing 1.2-1.6 µm, with no statistically significant differences.
Teased fiber study
General aspects
Group I showed mainly paranodal demyelination (Fig. 3C) , remyelination (Fig. 3F) , and normal nerve fibers (Fig. 3A) . In group II, demyelination (Fig. 3C), remyelination (Fig.  3F) , and axonal degeneration (Fig. 3E) were present more prominently than in group I. A few nerve fibers with axonal regeneration (Fig. 3H) were observed in group II.
Teased fiber classification
Teased fibers were evaluated according to Dyck [8] . In group I at week 0, 87.0% of nerve fibers were paranodally demyelinated, mostly to a slight extent; 10.2% of fibers were normal (Fig. 4) . However, demyelination decreased with time to involve only 11.4% of fibers at 6 weeks, when 84.6% of fibers were normal. Only one animal in group I (4.3%) showed axonal degeneration. On average, remyelination was observed in 1.1% of all nerve fibers. No axonal degeneration and regeneration was observed.
In group II at week 0, 64.5% of nerve fibers were paranodally demyelinated, and 9.5% were normal (Fig. 4) . A decrease in demyelination was seen with time in group II, although this was delayed compared with group I. Eleven animals (50.0%) in group II showed axonal degeneration, which affected 3.3% of nerve fibers. More remyelination and axonal degeneration were observed in group II than in group I; axonal degeneration and regeneration involved 0.53% of fibers on average. 
Internodal length
Mean internodal length at week 0 is shown in Table 1 . Compared with controls, internodal length was elongated significantly by 11.8% in group I and 13.9% in group II (P<0.05 and P<0.01), respectively. Group means for the 20 longest internodes are also shown in Table 1 . For these internodes, the degree of elongation beyond control observations was 11.2% in group I and 8.3% in group II (P<0.05 for both). Differences in these means were not significant between the four time points.
Nodal length
Mean nodal length at week 0 was 2.6±0.8 µm in controls, 15.8±3.5 µm in group I, and 13.7±5.5 µm in group II (P<0.01 for both experimental groups). Both experimental groups showed decreases in this excess nodal length with time, although normalization was delayed in group II.
A nodal-length histogram showed an obvious peak at 1-2 µm in controls (Fig. 5A) . At week 0 the peak for group I shifted rightward to 5 µm showing a flattened, broadened distribution (Fig. 5A) ; with time, however, the peak shifted back to the left, and resembled that of the controls by 4 weeks. At week 0 the nodal-length histogram for group II showed a flat, broad distribution with no obvious peaks (Fig. 5B) . At 6 weeks the mean nodal length returned to the control value, representing a delay compared with group I.
Discussion
Schwann cells elongate during development. At the onset of myelination, internodal length is approximately 0.2-0.3 mm [5] ; the final length of internodes depends on degrees of fiber elongation after onset of myelin formation [10, 12, 26, 33, 36, 37] . A similar correlation between fiber elongation and internodal length was observed in the present study in adult rats, implying occurrence of phenomena similar to those in developmental leg lengthening.
With gradual nerve elongation, ischemia [1, 13, 35] , disruption of axonal transport [24] , conduction block [1, 24, 25] , changes in myelin thickness [24] , and demyelination [24, 35] have been reported to occur at a severity that increases with the rate of elongation. Ischemia was caused by vascular narrowing resulting from limb elongation [23] . Disruption of axonal transport may be caused by ischemia [29] . Conduction block results from reduction in current density caused by demyelination [1, 21, 24, 27, 31] and decreases of axon diameter [14] . On the other hand, occurrence of a change in myelin thickness is a matter of disagreement. Morishita [24] stated that myelin became thinner after nerve elongation, although in our present study we noted no change. Although viscoelasticity of the myelin sheath [13] may play a crucial role in thinning or preservation of sheath thickness, semithin sections may be too thick for evaluation of subtle changes [12] . Further study will require a different method. Demyelination in nerve elongation can be caused by several factors. First, physical traction force may detach myelin from the axon at nodes of Ranvier because of a difference in viscosity between the myelin and the axon. At the same time, ischemia [17, 28] , disturbance of axonal transport, or Wallerian degeneration [3] caused by nerve elongation also can lead to demyelination or detachment of myelin from axon at nodes of Ranvier. Thus, demyelination in nerve elongation appears to result from a combination of these factors. In the present study, the group with more rapid elongation (group II) showed more axonal degeneration than group I. More rapid nerve elongation may worsen the various factors mentioned above. With previously reported experimental methods for inducing demyelination, nearly all nerve fibers were severely demyelinated, and myelination was restored mainly by Schwann cell proliferation resulting in remyelination, and less importantly by elongation of internodes and Schwann cells [4, 27, 30, 32] . In the present experiment using nerve elongation by incremental stretch, demyelination was observed at nearly all nodes of Ranvier, but since the demyelination seen in the present study represented only slight paranodal demyelination, this appears to be a model of mild demyelination. Although demyelination in our model was reversed with time, remyelination (Dyck type F findings) contributed to resolution to only a small degree. Instead, remyelination after this mild nerve elongation, depended mainly on lengthening of internodes and Schwann cells. Moreover, the observation of more remyelination (Dyck type F findings) in group II than in group I indicates that more intercalation of segments occurred when nerve elongation was more rapid, producing more advanced degeneration such as severe demyelination or axonal degeneration.
Based on results of the present experiment and previous reports, we believe that changes in peripheral nerve accompanying leg lengthening within 30% elongation can be summarized as follows. If elongation accompanying leg lengthening is sufficiently gradual, only lengthening of internodes is likely. However, more rapid elongation will result in demyelination, and still more rapid elongation will cause axonal degeneration. Slight demyelination can be restored by active elongation of internodes and Schwann cells, while more severe demyelination will require remyelination by intercalation of new segments. Repair of axonal degeneration will involve axonal regeneration.
Clinically, peripheral neuropathy resulting from leg lengthening usually resolves spontaneously after a certain period [9, 19] . The demyelination and restoration processes shown in the present study may be involved in this clinical course of events, and our findings will be useful in anticipating and interpreting symptoms accompanying leg lengthening. Moreover, a similar nerve elongation procedure could prove to be useful in treatment of some peripheral nerve injuries as a way of restoring the needed nerve length, and might contribute to a therapeutic breakthrough. Further study will be needed before attempting such a clinical use of elongation by incremental stretch.
